3 NH 3 PbI 3 (Cl) films than in CH 3 NH 3 PbI 3 films without Cl. This technique probes the top 2 nm of the film.
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Direct methane conversion into aromatic hydrocarbons over catalysts with molybdenum (Mo) nanostructures supported on shape-selective zeolites is a promising technology for natural gas liquefaction. We determined the identity and anchoring sites of the initial Mo structures in such catalysts as isolated oxide species with a single Mo atom on aluminum sites in the zeolite framework and on silicon sites on the zeolite external surface. During the reaction, the initial isolated Mo oxide species agglomerate and convert into carbided Mo nanoparticles. This process is reversible, and the initial isolated Mo oxide species can be restored by a treatment with gas-phase oxygen. Furthermore, the distribution of the Mo nanostructures can be controlled and catalytic performance can be fully restored, even enhanced, by adjusting the oxygen treatment.
M ethane (CH 4 ), the main component of natural gas, has the highest H-to-C ratio of all hydrocarbons; therefore, it is more environmentally friendly in terms of CO 2 emissions than oil or coal-derived fuels. However, 30 to 60% of natural gas reserves are classified as "stranded" because shipping gas is not economical, and the costs of liquefaction or building a pipeline are usually prohibitively high (1) (2) (3) (4) (5) . The problem of natural gas utilization is exacerbated by burning and venting of the associated gas produced in the course of crude oil production at remote locations. Conversion of methane into shippable liquids can solve these problems but remains scientifically challenging (1) (2) (3) (6) (7) (8) .
One of the technologies under development is direct methane conversion into liquid aromatic hydrocarbons in a single step (dehydroaromatization with the main reaction 6CH 4 → C 6 H 6 + 9H 2 ) using catalysts with Mo nanostructures supported on shape-selective zeolites (2, (8) (9) (10) (11) (12) (13) (14) (15) (16) . This technology offers two advantages over other methane activation chemistries: Complete oxidation, as well as explosive combustion, is not possible because of the absence of O 2 or other oxidizing reagents, and processing can be performed at remote locations because no reagents are needed. The biggest issues in commercialization are rapid catalyst deactivation and comparatively low singlepass conversion levels of~10% (2, 8, (13) (14) (15) (16) . Development of improved catalysts has been hindered by a lack of molecular-level understanding of the identity of the zeolite-supported Mo nanostructures and their structural transformations.
We studied Mo nanostructures supported on ZSM-5 zeolites by combining quantum chemical calculations using density functional theory (DFT) with multiple spectroscopic techniques, including in situ ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DRS), in situ infrared (IR) spectroscopy, and operando Raman spectroscopy at elevated reaction temperatures with simultaneous online mass spectrometry of reaction products. We determined the identity and anchoring sites of the initial Mo oxide nanostructures and established structure-activity relationships. The catalytic activity can be fully restored by regenerating initial Mo oxide nanostructures with a gasphase O 2 treatment. Furthermore, the activity can even be enhanced by controlling the distribution of Mo oxide nanostructures by adjusting conditions of such an O 2 regeneration treatment.
Molybdenum nanostructures supported on zeolites were initially present in an oxide form after Mo deposition and an oxygen treatment at elevated temperatures (our samples were calcined at 773 K) (17) . The number of MoO x units in an average individual nanostructure was evaluated using the edge energy (E g ) of the in situ UV-vis DRS spectra. The E g values for the following welldefined Mo oxide reference compounds are presented in Fig. 1A (18) . The E g values in Fig. 1A exhibit a linear correlation with the number of bridging Mo-O-Mo covalent bonds around the central Mo cation and, correspondingly, with the number of MoO x units in a nanostructure. The E g value for a representative catalyst sample with 2 weight percent (wt %) Mo supported on a ZSM-5 (Si/Al = 15) zeolite, which is the most common zeolite evaluated for methane dehydroaromatization, was 4.8 eV, which falls in the range of isolated MoO x nanostructures with a single Mo atom.
The nature of the Mo oxide nanostructures was further examined with in situ Raman spectroscopy by varying the concentration of Mo from 0.7 to 3.3 wt % on a ZSM-5 zeolite support with a constant Si/Al ratio of 15 (Fig. 1B) and by varying the Si/Al ratio from 15 to 140 at a constant Mo concentration of 1.3 wt % (Fig. 1C) . The spectrum for 1.3 wt % Mo on ZSM-5 with Si/Al = 15 is shown in both sets in Fig. 1 , B and C, and a similar spectrum is shown in operando Raman measurements with methane flow in fig. S1 (17 Al nuclear magnetic resonance (NMR) and additional characterization for ZSM-5 samples with Si/Al > 8 (21, 22) . Finally, an arrangement of Al-O-(Si-O) 2 -Al with two Al atoms as third neighbors must be the only possible double Al-atom anchoring sites for Mo dioxo species. Our DFT results confirm that two Al atoms as fourth neighbors in Al-O-(Si-O) 3 -Al can serve only as two individual single anchoring sites (17) .
Although the exact distribution of Al atoms among different framework sites in ZSM-5 zeolites is currently not well understood, it can be varied by adjusting the zeolite synthesis procedure. For example, the number of Al atoms as double anchoring sites in the arrangement Al-O-(Si-O) 2 -Al can be varied from 4 to 46% for ZSM-5 samples with Si/Al =~20, based on characterization with hydrated Co cations (22) . The fraction of Al atoms as double anchoring sites typically decreases, but not proportionally, with the increasing Si/Al ratio for the same synthesis procedure (22) . Our evaluation of Al-O-(Si-O) 2 -Al arrangements in ZSM-5 shows that these sites can serve as double Al-atom anchoring sites if they are located in the same channel, but not in the same plane. Additional classification of double Al-atom anchoring sites is provided in fig. S4 (17) . A representative Mo(=O) 2 2+ dioxo structure on SCIENCE sciencemag.org an anchoring site with a pair of Al atoms in T8 and T12 framework positions is shown in Fig. 2 . In this nanostructure, the Mo atom is bridgebonded to two framework Al atoms through two neighboring framework oxygen atoms and terminated with two additional oxygen atoms. fig. S5 ) (17) .
Raman spectroscopy gives rise to strong bands of symmetric stretches (n s ) and weaker bands of asymmetric stretches (n as ), with the latter sometimes being undetectable. In our previous studies of MoO 3 /SiO 2 (19, 20) , n as for Mo(=O) 2 was not observed for Mo loadings below 4 wt %. Therefore, only n s is expected to be observed for lower Mo loadings. A comparison of the dominant Raman bands at 975 and 993 cm −1 in Fig. 1 ) allowed us to assign these bands to two distinct isolated Mo dioxo species anchored on, respectively, single and double Alatom framework sites.
The identification of the isolated Mo oxide structures provided insight as to how they were affected by the main catalyst formulation parameters: the Mo loading and Si/Al ratio. At a low Si/Al = 15, Mo oxide species preferentially anchored on sites with two Al atoms (band at 993 cm −1 in Fig. 1B ). Even at the highest Mo loading of 3.3 wt %, the Al/Mo atomic ratio is 2.8, which allowed all Mo atoms to be anchored on double Al-atom sites. However, when the Si/Al ratio increased, the number of Al atoms per unit volume of the zeolite decreased, and the number of sites with two Al atoms should have decreased more rapidly than the overall number of Al atoms. As a result, at higher Si/Al ratios of 25 and 40 in Fig. 1C Fig. 1 and with 3D animation in movie S1. Dynamic changes of Mo nanostructures under reaction and regeneration conditions were evaluated by simultaneously collecting operando Raman spectroscopy and online mass spectrometry measurements, first with CH 4 flow at 953 to 1053 K ( fig. S1) (17) and then under regeneration conditions with gas-phase O 2 flow at 773 K (figs. S10 and S11) (17 Mo NMR, provide direct evidence that the reduced Mo phase is a carbide with the stoichiometry of MoC x or MoC x O y and that the initial oxide species agglomerate into particles with a size of~0.6 nm (25) (26) (27) (28) . After the induction period, CO 2 formation stopped, the Raman band at 993 cm −1 for the initial Mo oxide species was no longer observed ( Fig. 2B and fig. S1 ) (17), and the catalyst performed CH 4 dehydroaromatization with C 6 H 6 as the main hydrocarbon product.
Our results demonstrate that an O 2 treatment can reverse both the carbide formation and the agglomeration of Mo nanostructures. The Raman spectra at 753 K for the initial catalyst with isolated Mo oxide structures and for the regenerated catalyst after reaction in Fig. 2 . The similarity in the Raman band positions and intensities before reaction and after regeneration indicates that the regeneration converts carbided Mo NPs into an oxide phase, redisperses this phase into isolated oxide nanostructures with a single Mo atom, and allows these Mo oxide species to diffuse and then stabilize on substantially the same zeolite anchoring sites as in the initial catalyst before the reaction. Effects of regeneration time with O 2 on the identity of Mo nanostructures and on catalytic performance with CH 4 after regeneration were evaluated by combining additional Raman spectroscopic measurements with reaction testing. Raman spectra were collected in O 2 flow at 773 K for two 1.3 wt % Mo/ZSM-5 (Si/Al = 15 and 25) catalysts after their deactivation in reaction with CH 4 . The evolution of Raman spectra as a function of regeneration time in figs. S10A and S11A (17) shows that isolated Mo oxide nanostructures were regenerated sequentially. Isolated Mo(=O) 2 species anchored on double Al-atom framework sites were regenerated first, as evidenced by a single initial Raman band at 993 cm . These direct spectroscopic observations demonstrate that exposure to gas-phase O 2 first regenerates isolated Mo oxide nanostructures anchored on sites with two Al atoms, then forces these species to migrate to sites with one Al atom and, eventually, to Si sites on the external surface of the zeolite. A comparison of C 6 H 6 formation rates in CH 4 conversion as a function of time on stream for a fresh 1.3 wt % Mo/ZSM-5 catalyst (Si/Al = 25) versus the same catalyst after deactivation in the reaction with CH 4 and subsequent regeneration for 120 min (Fig. 3A) demonstrates that the catalytic performance can be fully restored. The C 6 H 6 formation rates after regeneration matched those for the fresh catalyst. Additional reaction results for C 6 H 6 and H 2 formation rates for two 1.3 wt % Mo/ZSM-5 (Si/Al = 15 and 25) catalysts as a function of regeneration time (figs. S10 and S11) (17) show that both the overall activity and selectivity to C 6 H 6 fully recovered after regeneration. Thus, rapid catalyst deactivation can be successfully addressed by regeneration with gasphase O 2 , and the catalyst lifetime can be extended by repeated regeneration cycles.
Correlations between the structure of the initial Mo oxide species and catalytic performance can be established by comparing the evolution of the Raman spectra with changes in reaction rates as a function of regeneration time in figs. S10 and S11 (17) . The catalytic activity was restored once Mo oxide nanostructures on double Al-atom framework sites were regenerated (after~20 min). With increased regeneration time, these isolated Mo oxide species migrated from double to single Al-atom zeolite framework sites, and the catalytic performance with CH 4 remained unchanged. Furthermore, the catalytic performance of a regenerated catalyst can be optimized and may exceed that of a fresh catalyst if the regeneration treatment is stopped before Mo oxide nanostructures are forced to migrate to Si anchoring sites on the external surface of the zeolite. Specifically for the 1.3 wt % Mo/ZSM-5 (Si/Al = 25) catalyst, Mo oxide nanostructures were regenerated and moved from double to single Al-atom zeolite framework sites for regeneration times between 20 and 100 min ( fig. S11A) (17) . Notably, Mo nanostructures remained anchored on zeolite framework Al sites when the regeneration was limited to this duration, and the rates of C 6 H 6 formation for such regenerated catalyst samples actually exceeded those for the fresh catalyst. The C 6 H 6 formation rates for a catalyst regenerated for 100 min in Fig. 3A exceeded those for the same catalyst before deactivation during the initial time on stream period. In contrast, when the regeneration time was extended beyond 100 min, Mo oxide nanostructures were forced to migrate from Al framework sites to Si anchoring sites on the external surface of the zeolite. This change in the anchoring sites caused the catalytic activity to decrease to the level of the fresh catalyst, and the C 6 H 6 formation rates for the catalyst regenerated for 120 min (Fig. 3A) matched those for the fresh catalyst. With time on stream with CH 4 , the catalytic activity declined likely because of migration, growth, and coking of Mo NPs, and the performance for all regenerated catalysts eventually became indistinguishable. However, in the first 60 min of time on stream, the benzene formation rates in Fig. 3A and fig. S11C (17) were dependent on the identity of the initial Mo oxide nanostructures.
For understanding these initial activity differences, transition-state DFT calculations were used for comparing CH 4 activation over catalytic Mo carbide nanostructures anchored on the identified three types of anchoring sites: double and single Al-atom zeolite framework sites and Si sites on the external surface of the zeolite. The calculations compared the first step (breaking of the CH 3 -H bond in methane), which is likely the rate-determining step, over the Mo carbide nanostructure with a stoichiometry of Mo 4 C 2 on the three zeolite anchoring sites (29) . The CH 4 activation mechanism is similar for all anchoring sites, as illustrated in Fig. 3 , which compares reaction pathways for a double Al-atom anchoring site inside a zeolite framework pore (Fig. 3, B zeolite (Fig. 3, B to D) . The CH 4 initially approaches an exposed Mo atom, an atom that is not directly bonded to the zeolite. In the transition state (Fig. 3 , C and E), CH 4 forms a Mo-CH 3 -H-C cycle in which the C atom of CH 4 binds to the exposed Mo atom and, simultaneously, one of the H atoms of CH 4 binds to a C atom in the carbide. Thus, a Mo-C pair of atoms in the Mo carbide nanostructure serves as a single catalytic active site. This dual Mo-C site activates CH 4 in a scissoring motion that produces a CH 3 group bonded to Mo and an H atom bonded to C of the carbide (Fig. 3, D and F) . Although the mechanism of CH 4 activation is similar, differences in geometries and electronic properties of Mo carbide nanostructures anchored on Al and Si sites lead to differences in their catalytic properties. The CH 4 activation energy over the Mo carbide anchored on the double Al-atom site of 112 kJ/mol in Fig. 3E is lower than 140 kJ/mol for the Si site in Fig. 3C . The transition state for the single Alatom anchoring site is analogous to that for the double Al-atom site in Fig. 3E , with a comparable activation energy of 117 kJ/mol (table S6) (17) . The CH 4 reaction is therefore predicted to be dominated by the activity of Mo nanostructures anchored on framework Al sites. This computational result is consistent with known experimental observations that the catalytic activity of Mo nanostructures depends strongly on the Si/Al ratio of the supporting zeolite and declines substantially when Al framework sites are lost through dealumination (2, 8, (13) (14) (15) 30) . The obtained information on the identity of Mo structures, their regeneration, and their influence on catalytic activity opens new opportunities for rational design of improved catalyst formulations and for optimizing reaction conditions for direct conversion of natural gas into liquid transportation fuels and valuable feedstocks for the chemical industry. It is important to control the distribution of Mo oxide species and limit their anchoring to framework Al sites because initial Mo oxide nanostructures anchored on Al sites of the zeolite framework are converting into carbided Mo NPs with higher catalytic activity than those produced by initial Mo oxide species anchored on Si sites. The number and distribution of single and double Al-atom anchoring sites can be optimized by adjusting a zeolite synthesis procedure. The number of Si anchoring sites on the external surface of the zeolite can be reduced, or these Si sites can be eliminated completely by adjusting the Mo deposition procedure. Furthermore, the catalytic performance of Mo species and their periodic regeneration can be optimized by adjusting catalyst formulations (for example, with promoter metals) and changing the temperatures of the reaction and regeneration, flow rates, and other reaction conditions.
